The individual effects of pH (pH 3 to 8), NaCl (0 to 21%), sucrose (0 to 70%), and whey protein (0 to 2%) on pressure resistance of feline calicivirus (FCV) in Dulbecco's modified Eagle medium with 10% fetal bovine serum were determined. At pH 3 through 8, the virus was more resistant to pressure at a pH of :5-5.2. For FCV samples with sucrose (up to 40%) or NaCl (up to 12%), the amount of FCV inactivated by pressure was inversely proportional to the sucrose or NaCl concentration. For example, a treatment of 250 MPa at 20°C for 5 min reduced the FCV titer by 5.1 log PFU/ml without added sucrose and by 0.9 log PFU/ml with 40% sucrose. Reduced pressure sensitivity with increasing NaCl and sucrose concentrations was not a simple function of water activity. Different PFU reductions were observed for NaCl and sucrose samples with equivalent water activity. Whey protein at concentrations up to 2% did not provide a protective effect. The combined effect of NaCl and sucrose at 4 and 20°C on pressure resistance of FCV also was examined. When both NaCl and sucrose were added to the FCV stock, they had an additive effect on increasing the pressure resistance of FCV. The individual (6% NaCl or 20% sucrose) and combined (6% NaCl plus 20% sucrose) resistance effects did not abrogate enhanced inactivation for pressure treatments at 4°C compared with those at 20°C. Aqueous matrix compositions, in particular different concentrations of NaCl and sucrose or different pH values, can substantially alter the efficiency of virus inactivation by high pressure processing.
Over the last two decades, high pressure processing (HPP) has emerged as an alternative nonthermal pasteurization technology. A variety of pressure-processed products are available commercially, such as ready-to-eat meat products, raw oysters, juices, and guacamole. Although viruses are the most common causes of foodborne illness, research on their control measures has been limited. I-IPP has been proposed and studied as a physical control measure for foodborne viruses; however, parameters that influence HPP effectiveness against these viruses are less defined than are those for foodborne bacteria. The processing parameters that affect pressure inactivation of microorganisms in a food product are pressure level, holding time, and treatment temperature (1, 3, 4) . Usually, the degree of destruction of microorganisms increases as pressure and/or treatment time increase. However, the effect of temperature on virus inactivation by pressure varies. Feline calicivirus (FCV) is minimally affected by pressure at or near room temperature, but inactivation is enhanced at refrigeration temperatures and at temperatures higher than 30°C (5) . For example, a 4-min treatment of 200 MPa at -10 and 50°C reduced titers of FCV by 5.0 and 4.0 log PFUIm1, respectively, whereas at 20°C the same treatment reduced the titer by only 0.3 log PFU/ml (5) . In contrast, enhanced pressure inactivation of hepatitis A virus (HAV) was observed at temperatures above 30°C, but for temperatures lower than 30°C macti-rerr nmcndLrtJofl or cndorrnen, h\ din t S l)ntyrr(iiiciit ol \rrculture.
vation was reduced (10) . For example, I -min treatments of 400 MPa at -10, 20, and 50°C reduced titers of HAV by 1.0, 2.5, and 4.7 log PFU/ml, respectively. These results indicate that different viruses might behave differently under pressure.
Beyond the three processing parameters (pressure level, treatment time, and temperature), a nonprocessing parameter that can influence the effectiveness of HPP for virus inactivation is the local environment or substrate in which the virus is found. HPP is a water-based technology dependent on the altered properties of highly compressed water to denature viral and bacterial proteins and/or cause lipid phase transitions, resulting in loss of bacterial membrane integrity. With the exception of coronaviruses, foodborne viruses do not have lipid envelopes, so inactivation of these microbes must be a direct function of protein denaturation. In previous studies, aqueous substrate composition substantially influenced HPP effectiveness. Chen et al. (6) found that bacteriophage X had a much higher resistance to pressure in 2% reduced-fat milk than in SM buffer (0.1 M NaCl, 0.01 M MgSO4, 0.05 M Tris-HCI, pH 7.5, and 0.01% gelatin), indicating that some (as yet undefined) components of the milk provided baroprotective effects. This finding was reinforced by the observation of various HAV inactivation profiles in different substrates such as in Dulbecco's modified Eagle medium with 10% fetal bovine serum (DMEM-1713S), strawberry puree, green onions, and oyster meats (2, 9, 11). Oxen and Knorr (17) found that pressure resistance of the yeast Rhodotorula rubra was dependent on the water activity of the substrates. At water 111111( V l\ \ I I\ UI I I )) -7 activities below 0.91, a treatment of 400 MPa for 15 mm at 25°C did not inactivate the yeast suspended in sucrose, glucose, fructose, or NaCl solutions, but at a water activity of 0.96 the same treatment reduced yeast in these four solutions by ca. 7 log units.
More defined pressure inactivation studies have been performed for some enzymes and microorganisms to characterize the baroprotective effects of sugar and salt and pH of the aqueous media. A baroprotective effect for NaCl has been reported for bacteria such as Lactococcus lactis (16) and for Bacillus stearothermophilus spores (8) . Both 3 and 6% NaC1 solutions decreased the pressure inactivation of B. stearothermophilus significantly (P < 0.05), with the 6% solution more protective than the 3% solution (8) . Baroprotective effects of dissolved sugars have been demonstrated for L. lactis (16) , B. stearothermophilus spores (8), and R. rubra (17) . Molina (15, 20) , but inactivation of R. rubra was not influenced by pH over a range of pH 3.0 to pH 8.0 (17) . In contrast, tobacco mosaic virus, which is not found in food, was more resistant to pressure at pH 3.8 than at neutral and alkaline pH levels (21) .
Current methods for human norovirus propagation are not practical for routine testing (7, 22) ; consequently, FCV was used as a surrogate to evaluate matrix composition variables. Because food matrices are highly complex, we evaluated the effects of common food variables such as pH, salt (NaC1), sucrose, and dissolved protein (whey) to determine how alterations in these food parameters can influence virus inactivation by HPP. In the present study, we found that changes in acidity, ionic concentration (NaCI), and sucrose concentration can have a substantial effect on inactivation of FCV by HPP Although the higher concentrations of sucrose (0 to 70%) and NaC1 (0 to 21%) evaluated are not typical for most foods, some items such as jams may contain >55% sucrose and soy sauces may contain >11% NaCl. Virus inactivation as related to water activity and solute concentration was characterized, and the combined effect of NaCl and sucrose on pressure resistance of the virus at 4 and 20°C also was evaluated.
MATERIALS AND METHODS
Assay of FCV samples. FCV strain KCD was obtained from the American Type Culture Collection (ATCC; Manassas, Va.) as culture VR-65 1 and was propagated in Crandell-Rees feline kidnev cells (CCL-94. ATCC). Virus stocks were prepared by low multiplicity of infection (<0.01) of vented 75-cm 2 confluent flasks of feline kidney cells for 72 h in DMEM-FBS (Invitrogen, Gaithersburg, Md.) in 5% CO 2 as described previously (5) . Infected cells were treated by freeze-thawing, followed by centrifugation at 3,800 X g for 15 min and filtration of the supernatant through a 0.22-1i.m-pore-size polyethersulfone sterilizing low-protein binding filter (Corning, Inc., Corning, N.Y.). The resulting FCV stock had a pH of ca. 8.2 and was stored at -70°C in DMEM-FBS.
After storage, the titer of the FCV stock was approximately 1 x 106 PFU/ml. Assays were performed according to a modification of the method of Richards and Watson (19) , and results are reported as PFU per milliliter. FCV plaque assays were performed in three independent trials using serially 10-fold diluted virus stocks in Earle's balanced salt solution (Invitrogen) and assayed in triplicate using confluent feline kidney cells in tissue culture dishes (100 by 20 mm: Becton Dickinson, Sparks, Md.). Incubation time was 72 h at 37°C. FCV stocks in DMEM-FBS and NaCI (21%, wt/vol; Fisher Scientific), sucrose (70%, wt/vol; Fisher Scientific), or whey protein (2%, wtivol; Pantera, Camp Hill, Pa.) were made by dissolving these solutes in the virus stock and then filtering with a 0.22-11m-pore-size filter at room temperature. High-solute FCV stocks were then mixed proportionally with DMEM-FBS to generate the concentrations ranges tested for NaCl (0 to 21%, wt/vol), sucrose (0 to 70%, wtivol), and whey protein (0 to 2%, wtivol). The water activity of DMEM-FBS containing different NaCl, sucrose, and whey protein concentrations was measured using a water activity meter (Aqua Lab 3TE, Decagon, Pullman, Wash.).
One milliliter of FCV sample was transferred into polyester Scotchpak pouches (Kapak 500. Kapak Corp., Minneapolis, Minn.) with a second pouch sealed around the first pouch. Heat sealing was performed with an Impulse Food Sealer (model MP-8, American International Electric, Whittier, Calif.). Samples were pressurized with a high-pressure unit with temperature control (model Avure PT-I, Avure Technologies, Kent, Wash.) with water as the hydrostatic medium. A circulating bath surrounding the pressure cell controlled the temperature. Temperatures for the water bath and samples inside the chamber during pressurization were monitored by the pressure unit with K-type thermocouples. The temperature and pressure data were recorded every 2 s (DAS-YTEC USA, Bedford, N.H.).
The FCV suspended in buffers with different pH values was treated at 250 MPa for 1 min at 20°C, the FCV suspended in NaCl or sucrose solutions was treated at 250 MPa for 5 min at 20°C, and the FCV suspended in whey protein solutions was treated at 200 MPa for 5 min at 20°C. Based on preliminary results, these pressure levels and treatment times were selected so that the protective effect of substrates on FCV could be determined the main and interaction effects of NaCl and sucrose on pressure resistance of FCV. The two factors were NaCl and sucrose. The two levels were 0 and 6% for NaCl and 0 and 20% for sucrose. Statistical analyses. Three independent trials with triplicate samples for each sample dilution were conducted for all pressure treatments (N = 3, n = 3). Statistical analyses were conducted using Minitab Release 14.1 (Minitab Inc., University Park, Pa.). A one-way analysis of variance was used to determine significant differences (P < 0.05) between different treatments.
RESULTS AND DISCUSSION
The first PKa value of HEPES is 3.0 and was used for making buffers of pH 3.0 and 4.0. The second PK a value of HEPES is 7.5 and was used for making buffers of pH 7.0 and 8.0. The PK a value of MES is 6.1. The HEPES and MES buffers were chosen for this study because their pH values do not change substantially under high pressure (12) . The pH effect on the pressure inactivation of FCV is shown in Figure 1 . Titers of non-pressure-treated FCV samples were stable between 6.4 and 7.0 log PFU/ml when virus was suspended in HEPES (pH 7.0 and 8.0) and in MES buffer (pH 6.0) at 4°C for 24 h. However, lower pH buffer solutions (pH of <6) resulted in a substantial reduction of FCV titers in nonpressurized samples. For example, the FCV titers of the non-pressure-treated samples at pH 3 and pH 5.2 were 2.4 and 5.4 log PFU/ml, respectively, a significant difference (P < 0.05). Because dilution in Earle's balanced salt solution neutralized all FCV samples prior to assay, the lower titers observed for untreated low-pH samples were not a result of assay conditions. The limited pH stability of FCV is in agreement with that reported by Cannon et al. (2) . Although the reductions of FCV titers occurred in low-pH buffers without pressure treatment, there was almost no additional reduction due to pressure treatment at pH 5.2. Substantial inactivation occurred only when FCV was pressure treated in buffers with pH ^! 6.0. For example, when FCV was suspended in 0.1 M MES buffer at pH 6.0, the titer was reduced by 4.1 log PFU/ml after pressure treatment. A priori, high pressure applied at acidic pH might enhance virus protein denaturation because of synergistic destabilizing effects of both low pH and pressure. The reason for limited inactivation at lower pH is unclear. One possible explanation is that the acid-adapted FCV was more resistant to pressure. The effect of NaCl on the pressure inactivation of FCV is shown in Figure 2 . In non-pressure-treated samples, FCV in DMEM-FBS was stable when the solution was supplemented with 0 to 12% NaCl. FCV titers in the NaCl supplemented solutions were 6.7 to 7.2 log PFU/ml (not significantly different, P > 0.05). When NaCl concentrations were greater than 12%, untreated FCV sample titers were slightly reduced from 6.5 log PFU/ml (15% NaCl) to 6.0 log PFU/ml (21% NaC1), although the difference was not significant (P > 0.05). For samples treated for 5 min at 250 MPa, NaCl provided protection for FCV against pressure. A significant difference in inactivation (P < 0.05) was observed between 0 and 12% NaCl. A 5.0-log inactivation was observed in the absence of added NaCl, and a 0.7-log inactivation was observed at 12% NaCl. As NaCl concentration increased from 0 to 12%, this protective effect increased; however, further increase in the NaCl concentration beyond 12% did not significantly enhance this protective effect (P > 0.05). The reduced inactivation of FCV in the presence of NaC1 is in general agreement with the result reported for HAV (11 a salinity of 27.4 ppt, HAV was more resistant to pressure than it was when suspended in 4.1 ppt DMEM-FBS. The effect of sucrose on the pressure inactivation of FCV is shown in Figure 3 . For untreated sucrose samples (FCV in DMEM-FBS and sucrose concentrations of 0 to 70%), no substantial effect was observed, with virus titers of 6.3 to 7.1 log PFU/ml for all concentrations of sucrose tested. For virus samples treated for 5 min at 250 MPa, sucrose increased the pressure resistance of FCV. When the sucrose concentration was <40%, the protective effect increased with increasing sucrose concentration. For example, a treatment of 250 MPa at 20°C for 5 min reduced the titer of FCV by 5.1 log PFU/ml without sucrose in the samples but by only 0.9 log PFU/ml when the sucrose concentration was 40%. This difference in reduction was significant (P < 0.05). Further increasing the sucrose concentration to 70% did not significantly enhance this protective effect (P > 0.05). Thus, the protective effect of sucrose and NaCl had a common feature; beyond a certain concentration, a pressure resistance plateau was observed at which a further increase in solute concentration did not provide a greater level of baroprotection. Why the protective effects of NaCl and sucrose plateau at 12 and 40%, respectively, is unknown. These values may represent the maximum amount of solute that can enter or stabilize the solvation cage surrounding the virus.
The effect of whey protein on FCV inactivation also was evaluated. In untreated samples, FCV in DMEM-FBS and dissolved whey protein solutions at concentrations of 0 to 2% had no significant effect on FCV titers, which ranged from 6.6 to 7.1 log PFUIm1. Within the concentration range measured (0 to 2%), whey protein did not provide any protective effect for FCV against pressure. The log reductions ranged from 4.0 to 5.1 PFU/ml, and the differences in these reductions were not significant (P > 0.05). Whey protein was chosen because of its high degree of Water Activity solubility from a powdered form; however, 2% whey protein was the highest concentration that could be completely dissolved in FCV stock in DMEM-FBS. The limited solubility of whey protein in DMEM-FBS is due to the fact that DMEM-FBS itself already contains a complex mixture of serum proteins and polypeptides. Whey protein did not provide a protective effect possibly because of the low concentrations used or because the proteins already present in the DMEM-FBS provided the maximum protective effect against pressure and addition of whey protein could not provide a further baroprotective effect.
The water activity values of NaC1 and sucrose solutions are shown in Figure 4A . The water activity values of whey protein solutions varied only minimally (0.994 to 0.995) because of the low concentrations of whey protein used. For NaCl and sucrose, solute concentration had a linear inverse relationship with water activity; increasing the MCI or sucrose concentration decreased the water activity of the solutions. Results indicate that on a percent solution (wtivol) basis, NaC1 had a more dramatic effect on water activity than did sucrose (Fig. 4A) . The correlation between the water activity of DMEM-FBS and different amounts of NaCl or sucrose with pressure inactivation of FCV is shown in Figure 4B . Decreasing the water activity by increasing NaCl or sucrose concentrations generally reduced pressure inactivation of FCV. For example, decreasing the water activity of sucrose solutions to 0.977 reduced pressure inactivation of FCV; however, further decreasing the water activity did not enhance this protective effect, reflecting the previously described plateau effect observed for higher NaCI and sucrose concentrations. Reduced pressure sensitivity was not simply a direct function of water activity because the extent of baroprotection differed for NaCl and sucrose with the same water activity (Fig. 413) . For example, at a water activity of 0.96, a pressure treatment of 250 MPa for 5 min at 20°C reduced the titer of FCV in sucrose solution by 0.9 log PFU/ml, whereas the same treatment reduced the titer of FCV in NaCl solution by 3.1 log PFU/ ml. Clearly, the characteristics of the solute play an important role in this baroprotective effect.
Inactivation of foodborne virus by HPP is a direct result of pressure denaturation, or at least alteration, of the conformation of key viral protein domains, thus rendering the virus noninfectious. Under pressure in aqueous solution, protein denaturation occurs when water is forced into the interior matrix of the protein and the void volumes collapse, resulting in changes in tertiary and quaternary protein structure (13) . The basis of the protective effect of NaCl and sucrose is unknown. Potential explanations for this effect may relate to one or more of the following: (i) dissolved sucrose or NaCl may preferentially interact with hydrophilic native conformations of proteins versus hydrophobic conformations under pressure; (ii) NaC1 and sucrose may alter the qualities of the aqueous solvation cage around virus proteins; (iii) these substances may stabilize void volumes by displacing water molecules; or (iv) they may alter the overall density of the solution and, as a net result, alter the overall compressibility of the solution under pressure. Sucrose is well known as a protein stabilizer (14) , so the fact that dissolved sucrose enhances pressure resistance of FCV is consistent with its reported properties.
Because sucrose and NaCI both increase pressure resistance of FCV and refrigeration temperatures such as 4°C enhance FCV inactivation by HPP (5), the effect of the combination of NaCl and sucrose on pressure inactivation of FCV was evaluated at 4 and 20°C. Results are shown in Table I . At 4 and 20°C, the addition of either NaCI or sucrose reduced pressure inactivation of FCV. Addition of both sucrose and NaC1 further reduced pressure inactivation of FCV. The observed effects of combined NaC1 and sucrose were additive. No interaction effect was observed beyond the protective contributions for individual concentrations of NaC1 and sucrose (P < 0.05), indicating that these two factors did not work synergistically to enhance or antagonistically to reduce the individual solute (NaCI or sucrose) contributions to FCV baroprotection. These results indicate that increasing NaC1 and sucrose concentrations have similar baroprotective effects at both 4 and 20°C. Although baroprotection was observed with higher sucrose and NaC1 concentrations, these concentrations do not ab- Without NaCl and sucrose 6.6 ± 0.8 -4.7 ± 1.1 -5.3 ± 0.8 With 6% (wt/vol) NaCl 6.2 ± 0.6 -2.7 ± 0.4 -1.9 ± 0.8 With 20% (wtivol) sucrose 6.3 ± 0.7 -3.3 ± 0.7 -4.0 ± 0.8 With 6% (wtivol) NaCl and 20% (wtivol) sucrose 5.7 ± 0.9 -1.7 ± 1.9 -0.9 ± 0.4°
Pressure treatment time was 5 mm. Values are means ± standard deviations. h Base substrate was DMEM-FBS.
Log (counts of pressure-treated samples) log (counts of untreated samples).
rogate the enhanced inactivation of FCV observed at cooler temperatures (5) .
Over the range of pH 3 to 8, FCV was most resistant to pressure at a pH of :!S;5.2. Sucrose (0 to 40%) and NaCl (0 to 12%) added to virus stocks individually or in combination reduced pressure inactivation of FCV, but whey protein (0 to 2%) did not. Increasing the NaCl concentration from 0 to 12% or increasing the sucrose concentration from 0 to 40% increased this effect. No additional reduction of pressure inactivation was observed above 12% NaCI and above 40% sucrose. A reduction in water activity generally resulted in greater pressure resistance; however, the degree of pressure inactivation of FCV was not simply a function of water activity, because similar water activities for NaCl and sucrose solutions resulted in different levels of FCV baroprotection. When both NaCl and sucrose were added to the FCV stock, the two factors had an additive effect, further limiting pressure inactivation of FCV. To our knowledge, this study is the first to include an evaluation of the effect of substrate composition on pressure inactivation of a virus.
